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a  b  s  t  r  a  c  t

Non-flaking  superhydrophobic  surfaces  were  prepared  using  a simple  one-step  solution-immersion
process  on  commercially  obtained  copper  foam  substrates.  Copper  foams  were  immersed  in a  0.05  M
ethanolic  stearic  acid  solution  at room  temperature  for  several  days.  This  formed  coverage  of  copper
stearate  with  micro-  and  nano-scale  hierarchical  surface  morphology.  The  surface  of  the  copper  foam
after  4  days  of immersion  demonstrates  superhydrophobicity  with  a water  contact  angle  of  156◦.  A  slid-
ing  angel  of  4◦ for a  5  �L  droplet  indicates  excellent  non-sticking  behavior.  Compared  with  a  flat  copper
eywords:
uperhydrophobic surface
on-flaking
opper foam
ne-step solution-immersion process
icro- and nano-scale hierarchical

plate,  the  superhydrophobic  surfaces  based  on  copper  foams  are  much  more  robust  and  mechanically
stable.  This  work  provides  a  promising  strategy  for scalable  fabrication  of  superhydrophobic  surfaces  on
3D  porous  structures.

© 2013 Elsevier B.V. All rights reserved.
orphology

. Introduction

Some biological materials have special wettability. Artificial
otus-leaf-like superhydrophobic surfaces have a water contact
ngle (CA) greater than 150◦ and a sliding angle (SA) of less than
0◦. Interdisciplinary fields including biology, physics, chemistry,
aterials science and engineering thermal physics have investi-

ated such materials [1–4]. Ongoing efforts have been devoted
o exploring the fabrication of superhydrophobic surfaces for
ractical applications such as oil-water separation [5], friction
eduction [6], corrosion prevention [7], highly functional microflu-
dic devices [8–10], and drop-wise condensation [11]. As a widely
sed industrial material, copper is attractive for its high electrical
nd thermal conductivity, mechanical workability, and malleabil-
ty; however, it is susceptible to corrosion. It has recently been
eported that forming superhydrophobic films on copper surfaces
an effectively improve their corrosion resistance [12–14]. So far,
opper with superhydrophobic surfaces has been fabricated using

arious strategies. These techniques include electroless galvanic
eposition [15], sol–gel processing [16], surface oxidation [17],
lectro-deposition [18], electro-plating [19], and etching [20]. Both

∗ Corresponding author. Tel.: +86 10 61772268; fax: +86 10 61772268.
E-mail addresses: xjl@ncepu.edu.cn, jia.xu116@gmail.com (J. Xu).

169-4332/$ – see front matter ©  2013 Elsevier B.V. All rights reserved.
ttp://dx.doi.org/10.1016/j.apsusc.2013.09.051
micro- and nano-scale hierarchical structures and low-surface-
energy materials are vital to the superhydrophobicity of a surface.
As such, most fabrication procedures are divided as two  steps
where the hierarchical roughness is created first and subsequent
modifications include low-surface-energy coatings.

The one-step solution-immersion method is one of the simplest
approaches to fabricate superhydrophobic surfaces on various sub-
strates, including zinc, silicon and steel [21]. The first report of a
one-step solution-immersion process to create superhydrophobic
films on copper substrates was by Jiang and co-workers [22]. In
their work, hierarchical roughness and low-surface-energy were
obtained simultaneously by immersing a copper plate into a fatty
acid solution. Direct-current electro-deposition on copper sub-
strates using ethanol solutions of n-tetradecanoic acid [23] or
stearic acid [24] as electrolytes and spray-coating methods using
copper stearate [25] can shorten the preparation time needed for
the one-step processes. However, these approaches require addi-
tional processing steps and control of other key parameters, making
them more complicated than the simple solution-immersion
method. Because of its relatively few experimental parameters and
long preparation time, the one-step solution-immersion method

is particularly appropriate for exploring how the surface mor-
phology evolves with preparation time, and allows us to capture
details that might perhaps not be observed if we used faster
approaches.

dx.doi.org/10.1016/j.apsusc.2013.09.051
http://www.sciencedirect.com/science/journal/01694332
http://www.elsevier.com/locate/apsusc
http://crossmark.crossref.org/dialog/?doi=10.1016/j.apsusc.2013.09.051&domain=pdf
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expressed as follows:

2Cu + O + 4H+→ 2Cu2+ + 2H O (1)
J. Xu et al. / Applied Surfa

The as-prepared superhydrophobic films are composed of cop-
er fatty acid carboxylates. As there is a phase interface between the
ubstrate and the superhydrophobic film, heat or external mechan-
cal forces may  affect the robustness of the films. However, stability
s a key factor in developing the practical use of superhydrophobic
lms. Further investigation into increasing film stability should be
arried out. Discontinuous surfaces can allow stress to be released
t the edges and prevent heterogeneous layers from detaching [26].
sing copper with a discontinuous surface (rather than a flat one)
s the substrate in the one-step solution-immersion approach may
llow formation of a superhydrophobic surface with more robust
dhesion to the substrate. 3D porous copper films have a discon-
inuous copper surface and have been prepared using a hydrogen
ubble dynamic template. Superhydrophobicity after treatment
ith n-hendecane thiol has been demonstrated [27]. Open cell cop-
er metal foams are a commercial obtained 3D porous material
idely utilized in flat heat pipes and thermal spreaders because

f its high surface area and capillary pumping capacity [28]. And
heir wetting properties, such as wettability transition, have been
tudied intensively [29]. If they can be applied to the fabrication of
uperhydrophobic surfaces, the preparation of 3D porous films can
e simplified.

In this study, we selected copper metal foam as the substrate
or fabricating a superhydrophobic surface. The superhydrophobic
urface is prepared by immersing copper foam into a ethanol solu-
ion of stearate acid, with chemical reactions occurring between
he copper and stearate acid. In contrast to the superhydrophobic
urfaces more commonly formed on flat copper plates, the super-
ydrophobic surfaces prepared on the copper foam show a large
urface area and non-flaking copper stearate coverage of the micro-
nd nano-scale hierarchical morphology. An abrasion test shows
hat the superhydrophobicity of the copper foam surface is more
table than that of the flat copper plate.

. Experimental

Copper foams of 99.9% purity, 0.88 porosity, with 90 pores
er inch (PPI) and a thickness of 2.5 mm were commercially
btained. Experimental results testing the copper plates (99.9%
urity, 0.8 mm thickness) were compared with that of the cop-
er foam samples. In this study, the copper foams and plates
ere cut into square pieces with side lengths of 2.0 cm.  In the

leaning procedure, the copper foams and plates were sequen-
ially washed with acetone, ethanol, 2 M HCl, and deionized (DI)
ater in an ultrasonic bath followed by drying with nitrogen

as. The cleaned substrates were then immersed in an ethanolic
tearic acid solution (0.05 M)  at room temperature. They were
nally rinsed thoroughly with ethanol and DI water, and then dried

n air.
Abrasion tests were carried out as described in Refs. [20,30,31].

 copper substrate with a superhydrophobic surface was  subjected
o a pressure of 5 kPa. As cotton fibers can be hooked by the copper
oam, common A4 paper was used as a sliding base rather than the
otton fabric used in the reference.

Field-emission scanning electron microscope (FE-SEM) images
ere obtained at 10 kV using LEO 1530 FE-SEM. Fourier transform

R (FTIR) data were collected on a Varian 3100 instrument using the
Br method as the transmission mode. Some powder was scraped

rom the resultant surfaces, and mixed with KBr to make a palette.
-ray photoelectron spectroscopy (XPS) data were obtained on PHI-
300 ESCA with the C 1s reference at 284.8 eV. Water CAs and

As were measured by a contact angle meter at room temperature
OCA15EC, DataPhysics Instruments GmbH, Germany). At least five
ifferent sections were tested for each sample. 5 �L was used for
ll individual water droplets.
nce 286 (2013) 220– 227 221

3. Results and discussion

As shown in Fig. 1(a), the bare copper foam has a 3D porous
frame with pore size of less than 400 �m.  Its surface is relatively flat,
without any deposits, as can be seen from the magnified FE-SEM
image of the copper skeleton (inset in Fig. 1(a)). Fig. 1(b)–(g) respec-
tively illustrate the surface morphologies of the copper foams
prepared with immersion times of 4 h, 2 days, and 4 days. The
panoramic surface morphology of a 4 h immersion time sample
(Fig. 1(b)) is similar to that of the bare copper foam, in that the
outline of the copper foam skeleton is still smooth. However,
there is also indication of many self-assembled clusters of a cop-
per compound. This compound was later confirmed to be copper
stearate, and the coverage of the clusters on the substrate is not
dense (Fig. 1(c)). The inset in Fig. 1(c) gives a high-magnification
image of the self-assembled cluster, showing that the folded cop-
per stearate nanosheets are entangled with each other. When the
immersion time increased to 2 days, the outline of the skele-
ton became rougher, as shown in Fig. 1(d) and the pore size
was  reduced as the result of copper stearate cluster growth. The
magnified FE-SEM images in Fig. 1(e) reveal that dense clusters
are formed and completely cover the substrate. For immersion
times of 4 days, the skeleton of the 3D porous structure became
thicker and rougher, and the pore size decreased significantly to
∼100 �m (Fig. 1(f)). The surface is now heavily covered with the
self-assembled clusters. Flowerlike self-assembled clusters are also
observed to have formed on top of previously laid-down cluster
layers, as shown in Fig. 1(g). These cluster-flowers with the scale
of about 10–20 �m are composed of nanosheets, separated by a
few microns (within one cluster-flower); adjacent cluster-flowers
are also separated by several-micron gaps. This indicates that hier-
archical micro-/nano-structures can be formed on the surface of
the copper foams. Fig. 1(h) shows a photograph of the complete
blue coating that forms on the copper foam after immersion for
4 days.

The one-step solution-immersion process was also carried out
on flat copper plates. To make a straightforward comparison, the
surface morphologies of copper plates, prepared using the same
immersion times as those used to treat the copper foams shown
in Fig. 1, were characterized by FE-SEM, and the images are pre-
sented in Fig. 2. Fig. 2(a) shows that after an immersion time of
4 h, the copper plate is sparsely covered by some deposits. These
deposits are separated, flower-like clusters, about 15 �m across
(Fig. 2(b)). When the immersion time increased to 2 days, more
and more deposits were formed, but some of them flaked off, as
shown in Fig. 2(c) and (d). Even when the immersion time was
increased to 4 days, a continuous coating was not formed (Fig. 2(e)
and (f)). This is also apparent from the photograph of the copper
plate prepared using an immersion time of 4 days (Fig. 2(g)). In
contrast to the complete blue coating on the copper foam shown
in Fig. 1(h), the coverage of the copper plate substrate is incom-
plete, and white. The different colors of the coatings on the copper
foam and copper plate can be attributed to their different thick-
nesses.

Copper carboxylate has been reported to be produced by uti-
lizing the chemical reactions between copper and fatty acid in
the ethanol solution [22,24]. Cu2+ ions are released from the sub-
strates through the oxidation of copper and immediately react with
stearic acid molecules to form copper stearate. The reaction can be
2 2

Cu2+ + 2CH3(CH2)16COOH → Cu[CH3(CH2)16COO]2 + 2H+ (2)
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Fig. 1. FE-SEM images of (a) bare copper foam; and copper foams prepared via the one-step solution-immersion process with immersion times of (b) 4 h, (d) 2 days, and (f)
4  days. Images (c), (e), and (g) are higher-magnification versions of (b), (d), and (f), respectively. The insets in (a) and (c) are higher-magnification images of the bare surface
and  of a self-assembled cluster, respectively. (h) Photograph of the copper foam prepared with an immersion time of 4 days.



J. Xu et al. / Applied Surface Science 286 (2013) 220– 227 223

Fig. 2. FE-SEM images of the prepared copper plate after immersion times of (a) 4 h, (c) 2 days and (e) 4 days. Images (b), (d), and (f) are higher-magnification versions of (a),
(c),  and (e), respectively. (g) Photograph of the copper foam prepared using an immersion time of 4 days. (For interpretation of the references to color in this figure legend,
the  reader is referred to the web version of this article.)
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ig. 3. (a) FTIR spectra of Cu[CH3(CH2)16COO]2 (1) powder scraped from the resulta
esultant surface, respectively. (For interpretation of the references to color in this 

A product composed of Cu[CH3(CH2)16COO]2 was  expected to
e deposited on the surfaces of the copper foam and the copper
lates.

As shown in the FTIR spectra (Fig. 3(a)), the two absorption
ands at 2848 and 2918 cm−1, which are assigned to the sym-
etric and asymmetric stretching vibrations, respectively, of the

–H bonds in the methylene groups, and the absorption band at
958 cm−1 which corresponds to the asymmetric stretching vibra-
ion of the C–H bonds in the methyl group, can be observed in the
pectrum of stearic acid powder as well as in the spectrum of the
aterial scraped from the final coating deposited on the surface

f the copper foams prepared with immersion times of 4 days.
he peak seen at around 1702 cm−1 in the stearic acid spectrum
and assigned to the C=O bond stretching vibration of the carboxyl
roup) is no longer present after the immersion process; instead, an
bsorption band corresponding to coordinated C = O bonds appears
t 1585 cm−1, as expected from the formation of stearate. Some
ther peaks are present in the stearic acid spectrum but not in the
pectrum of the deposits: the relatively broad absorption bands
etween 3200 and 2500 cm−1 (corresponding to the O–H bond
tretching vibration), and the peak at 934 cm−1 (the OH···O= bond
eformation vibration of the carboxyl groups). The broad peaks
round 3430 cm−1 for both powders were attributed to stretching
f the O–H bonds within atmospheric adsorbed water. Thus, the
lms formed on the copper foams are identified as copper stearate.

XPS detected Cu, O, and C atoms (Fig. 3(b)). Fig. 3(c) and (d)
hows the XPS narrow-range spectra for C 1s and Cu 2p, respec-

ively. The main peak in the C 1s spectrum at 284.8 eV is mostly
ttributed to the C–C and C–H bonds [32], along with a contri-
ution from contamination of the surface. The signal at 288.4 eV
omes from the C in the carbonyl groups [32,33]. The peak at about
face and stearic acid (2). (b)–(d) show the XPS spectra, C 1s and Cu 2p peaks of the
 legend, the reader is referred to the web version of this article.)

933.8 eV corresponds to the Cu 2p3/2, and is consistent with the
reported data for Cu 2p in copper stearate [34]. The presence of
the shake-up satellite peaks at the high binding-energy side of the
main peak for Cu 2p3/2 is characteristic of a Cu2+ phase [35]. More-
over, the atomic ratio of Cu to C in the carbonyl group is calculated
from the peak areas as ∼1:2; this is further evidence that the mate-
rial deposited on the surface of copper foam is copper(II) stearate,
Cu[CH3(CH2)16COO]2.

Unlike the passivation of copper surfaces by the formation of a
copper oxide layer in the air, copper stearate aggregates grow on
the surfaces of the copper foams and plates with a cluster morphol-
ogy. Such loose structure provides a continuous supplement of Cu2+

ions to continue forming more flower-like clusters, as observed in
the SEM. Notably, the deposition of copper stearate on the cop-
per substrates is not based on chemical bonds. As such, external
mechanical forces of gravity and buoyancy, or operations during
the fabrication process, can cause flaking of the copper stearate
film from the copper substrates. Some deposits were observed in
the bottom of the beakers of the copper plates, and parts of the
copper stearate film peeled off from the copper plates during the
washing and drying processes. The tiny fiber skeleton and large
specific surface area of 3D porous copper foam may  allow misfit
stress to relax and leave the rough copper stearate films intact.

The wettability of the prepared surfaces is characterized in
detail with static water CA measurements. As shown in Fig. 4(a), the
water CAs on the surface of the copper foam substrates increases
with increasing immersion time. Both the bare copper plate and

copper foam are noticeably hydrophilic, with the former having
a water CA of 77◦ while the latter is superhydrophilic. A 5 �L
water droplet spreads immediately on the surface and is pulled
into the porous structure by strong capillary forces. Immersion
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Fig. 4. (a) Water contact and slide angles of the prepared surfaces on the copper
foams as a function of the immersion times. The water contact angles of the prepared
surfaces on the copper plate are also shown for comparison (marked as hollow
circles). Some photographs of water droplets on the surfaces are shown in the insets.
(b)  Photographs of a 5 �L water droplet on the surface of the copper foam with an
immersion time of 4 days. (c) Snapshot of the water droplet on the surface tilted
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t  4◦ . (d) Photograph of several water droplets on the prepared superhydrophobic
urface on a copper foam. (For interpretation of the references to color in this figure
egend, the reader is referred to the web version of this article.)

nto ethanolic stearic acid solutions significantly changes the
ettability. The CA of copper foam increases noticeably faster than

hat of the copper plate. For immersion time of only 4 h, the CA
f the copper foam increases to 141◦ while that of copper plate is
nly 115◦. Copper foams with immersion times longer than 2 days
ere found to have CAs larger than 150◦. Fig. 4 (b) shows the shape

f a water droplet with a CA of 156◦ on the prepared hydrophobic
opper foam surface with an immersion time of 4 days. The CAs of
he copper plates with immersion times longer than 1 day are not
hown in Fig. 4 (a) as the partial flaking of copper stearate films
esults in a large range of CAs. For example, the CAs can be less
han 90◦ on some exposed copper surfaces but can also be larger
han 150◦ in areas covered by a copper stearate film.

The water SAs of copper foam depends on the immersion time
re also shown in Fig. 4 (a) referring to the right-hand axis. When
he immersion time exceeds 2 days, the SAs decrease to less than
0◦. Fig. 4(c) shows the sliding behavior of a 5 �L water droplet on a
opper foam surface, prepared using an immersion time of 4 days.

hen the surface is tilted by 4◦, the water droplet immediately rolls
ff. This indicates that superhydrophobic surfaces can be fabricated
n copper foams using the one-step immersion approach; a photo-
raph of droplets on such a surface is shown in Fig. 4(d). It is notable
hat the self-assembled second layer of flowerlike copper stearate
lusters, as shown in the SEM images (Fig. 1(g)), is crucial to the
eduction of the SAs. Even though the CA of the prepared copper
oam with an immersion time of 2 days is larger than 150◦, the water
roplet cannot easily roll off as there is a strong resistance from the

arge surface pores that have not been significantly decreased in
ize by the deposition of copper stearate clusters. With the further
eposition of copper stearate, the flowerlike clusters are formed,

nd the dimensions of the surface pores are greatly reduced, pro-
iding for the opportunity for water droplets to easily roll off. The
ighest CA for the superhydrophobic copper stearate films obtained
ere on copper foam (156◦) lies between the previously reported
Fig. 5. Sequential photographs of a 4 �L water droplet (a) suspended on a syringe,
(b)  just touching, (c) excessively contacted with the lifting substrate, and (d) leaving
the lowering surface. The arrows show the direction of movement of the substrate.

CAs for superhydrophobic copper stearate films on flat copper sub-
strates fabricated by spraying (160◦) [25] or by electrodeposition
(153◦) [24]. However, the SA here is slightly larger than those of
the two  previously reported superhydrophobic films, (3◦ for [25]
and 1.3◦ for [24]). This can be attributed to the unevenness of our
original copper foam substrates.

Fig. 5 shows the non-sticking behavior of superhydrophobic
copper foam surfaces. A 4 �L water droplet is first suspended on a
needle (Fig. 5(a)). The copper foam surface is then lifted to come into
contact with the water droplet (Fig. 5(b)). However, the suspending
droplet cannot be pulled down to the copper foam surface. Even if
the copper foam surface is raised so that the needle is inserted into
the droplet (Fig. 5(c)), the water droplet is still hanging on the nee-
dle after it departs from the copper foam surfaces (Fig. 5(d)). After
this process, the copper foam surface repeatedly comes into con-
tact with the water droplet and departs. This occurs several times
with the droplet still intact.

Abrasion tests were carried out to evaluate the mechanical
robustness of the superhydrophobic surfaces prepared on the cop-
per foam and copper plate substrates with immersion times of
4 days. Details of this test have been described in Part 2. After
the abrasion test, almost all the surface covering on the cop-
per plate had been worn off (Fig. 6(a)). However, there was  no
change to the outward appearance of the superhydrophobic sur-
faces on the copper foam substrate (inset in Fig. 6(b)). The SEM
image of the copper stearate coverings on the copper foam sub-
strates (Fig. 6(b)) show that some coverings on the tips of the
3D porous skeleton have been worn off. Abrasion of our super-

hydrophobic surfaces on copper foams decreases their CAs and
increases their SAs to mean values of 151◦ and ∼10◦, respectively.
Although some degradation takes place, we have confirmed that
the superhydrophobic surfaces on copper foams are more robust
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Fig. 6. (Color online) (a) Photograph of a prepared copper plate with an immersion time of 4 days after the abrasion test. (b) SEM image of the superhydrophobic copper
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oam  after the abrasion test. The arrows point out the areas bare of Cu where the l
nset.

han those on copper plates. Decreases in CAs after abrasion tests
ave been previously reported: for example, from 170◦ to 153◦,
nd from 169◦ to 144◦, respectively, for superhydrophobic sur-
aces on copper [20] and aluminum [31]. In our case, the retention
f CA > 150◦ for the superhydrophobic surfaces on copper foams
fter abrasion is mainly attributed to the natural unevenness of the
opper foams, which meant that some protrusions bore most of
he pressure during the abrasion tests. A similar mechanism was
lso found for abrasion-resistance of superhydrophobic surfaces
n selectively-etched {1 1 0} facets of copper foils [20]. In con-
rast, when superhydrophobic surfaces on flat substrates (such as
n aluminum foil [31] and on the copper plates in our experiment)
re subjected to abrasion testing, the entire surface experiences
ontact and thus friction, leading to more significant decreases in
uperhydrophobicity.

. Conclusions

Non-flaking superhydrophobic surfaces have been fabricated on
opper foam substrates by a one-step solution-immersion process.
he cleaned copper foams are immersed in ethanolic stearic acid
olution at room temperature for about 4 days and form hierarchi-
al micro-/nano-structures on the surfaces. The resultant surface
xhibits superhydrophobicity with a water CA of 156◦ and a SA of 4◦.
on-sticking behavior has been demonstrated. Compared with flat
opper plates, the superhydrophobic surface on copper foam are
uch more robust with better mechanical stability. The technique

mployed here, where commercially obtained 3D porous structures
re used as substrates for the one-step solution-immersion process,
s a facile approach to fabricate stable superhydrophobic surfaces.
his is readily scalable for the fabrication of large superhydrophobic
urface areas. The present study may  lead to the further develop-
ent of practical applications for superhydrophobic copper foams.
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