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Superhydrophobic pure silver surface with flower-like structures by a
facile galvanic exchange reaction with [Ag(NH;3),]JOH}
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Superhydrophobic pure silver film composed of flower-like
microstructures built by interconnected silver nanoplates on a
copper plate without any modification was prepared by a facile
galvanic exchange reaction between the aqueous [Ag(NHj3),]OH
and the copper plate, giving rise to a contact angle as high
as 157°.

Superhydrophobic surfaces, inspired by water-repellent sur-
faces in nature, have attracted a great deal of interest for
fundamental research and practical applications.'* The super-
hydrophobic surfaces are usually fabricated via two ap-
proaches: creating micro-nanostructures on intrinsically
hydrophobic substrates, or chemically modifying the micro-
nanostructured surfaces (either hydrophobic or hydrophilic)
by materials with low surface free energy.” Many elegant
methods, such as template synthesis,* electrochemical deposi-
tion,” and so on.,® have been developed to construct micro-
nanostructures on a hydrophilic substrate. To the best of our
knowledge, however, it still remains a great challenge to create
a superhydrophobic pure metal surface without any modifica-
tion, as the free metal surface is generally hydrophilic with
high surface energy.

Among various metals investigated as the superhydropho-
bic substrate, copper has attracted intensive interest because it
is an important engineering metal with many applications.
Several groups have fabricated superhydrophobic surfaces on
copper substrates.” For example, Jiang and co-workers re-
ported a one-step solution-immersion process for the fabrica-
tion of stable bionic superhydrophobic surfaces by oxidizing
copper plates with n-tetradecanoic acid.” Safaee er al. demon-
strated that superhydrophobic silver-coated films on a copper
surface can be obtained after passivation by stearic acid.” In
both cases, the surfaces were modified without exception by an
alkanoic acid that has low surface free energy. However, the
existence of such a chemical modification layer on the metal
surfaces might affect their intrinsic properties, such as con-
ductivity in the former case, and electrical contacts or surface
enhanced Raman spectroscopy of the silver film in the latter
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case.® Therefore, it is both theoretically and practically sig-
nificant to create silver films of superhydrophobicity on the
copper plate without any chemical modification, especially
considering the overpotential of the electrodes, corrosion
resistance, and so on.

In this communication, we report the preparation of a
conducting and superhydrophobic pure silver film on a copper
plate without any modification by a facile galvanic exchange
reaction, giving rise to a contact angle (CA) as high as 157°. It
is suggested that the superhydrophobicity of the as-prepared
silver film might result from the formation of micro-nanos-
tructures, i.e., the flower-like microstructures made of inter-
connected nanoplates. The micro-nanostructure of the film has
been readily controlled by adjusting the reaction time and the
concentration of precursor, providing different environmen-
tally stable and durable superhydrophobic silver films, even
after being exposed to air for several months.

The method started with a surface treatment of the copper
substrate, which was firstly immersed in hydrochloric acid to
remove oxidants from the surface, and then rinsed with water
to eliminate contaminants. Subsequent immersion of this
freshly treated copper substrate into an aqueous solution of
[Ag(NH;),JOH (0.03 M) led to the formation of a layer of
silver film on the copper substrate, through the galvanic
exchange reaction,

Cu + 2[Ag(NH;),JOH — [Cu(NH;),J(OH), + 2Ag.

Fig. 1a shows a scanning electron microscope (SEM) image of
the as-prepared film immersed for 12 h. High magnification
SEM indicates that the film is made up of flower-like archi-
tectures that are built by interconnected nanoplates (Fig. 1b).
The flower-like structures have diameters ranging from 0.5 to
5 um (Fig. S17). The building blocks of the flower-like micro-
structures, i.e., curved nanoplates, have a length of 80 to
300 nm, and a thickness around 8 + 2 nm. The crystallinity
and composition of the nanoplates are characterized by the use
of transmission electron microscopy (TEM) and energy-dis-
persive X-ray spectroscopy (EDX), respectively. The EDX
curve (Fig. 1c) of an as-prepared sample exhibits strong peaks
of Ag as well as Cu, consistent with the hybrid structure of a
silver film coated on a copper substrate. Silver nanoplates
removed from the copper plate are characterized by the
electron diffraction method. The diffraction spots (Fig. 1f)
recorded by directing the electron beam perpendicular to the
flat faces of an individual nanoplate are arranged in a six-fold
rotational symmetry, implying that the silver nanoplates are
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Fig. 1 (a) SEM images of the as-prepared silver surfaces at 12 h. (b)
High magnification of (a). (c) EDX of (a). (d) High-resolution TEM of
Ag nanoplate. (¢) Magnification image of (d). (f) Selected-area electron
diffraction pattern obtained by focusing the electron beam perpendi-
cular to the flat surface of the Ag nanoplate.

crystallized in a face-centered cubic (fcc) lattice with the (111)
flat surfaces. The set with a lattice spacing of 2.49 A (Fig. le,
high-resolution TEM image) is believed to originate from the
(1/3){422} reflection that is normally forbidden by an fcc
lattice.”!%“® The uniformity and continuity of the lattice
fringes indicate nanoplates are silver crystalline, rather than
silver oxide or others. All of these results confirm that pure
silver crystalline film on a copper plate is obtained in our
experiments by a facile one-step galvanic exchange reaction,
without assistant additives as reported by Dai et al.'*

The as-prepared silver film in Fig. 1a resembles the natural
lotus-like micro- and nano-hierarchical structures. These struc-
tures normally give rise to superhydrophobic surfaces. Indeed,
a wetting experiment shows that the water contact angle (CA)
of the silver micro-nanostructure film coated on the copper
plate is about 156.7 £+ 1.6° (Fig. 2¢). Moreover, the morphol-
ogy of the water droplet on the film does not change even after
a few minutes, indicating that the film has good chemical and
structural stability. The as-prepared pure silver film with
superhydrophobicity, which can protect itself from electroche-
mical corrosion, makes itself very stable and durable.

The wettability of the as-obtained silver film on the copper
plate was carefully examined with different immersion times.
As shown in Fig. 2a, the freshly treated copper plate itself is
hydrophilic with a CA 63 + 2° (Fig. 2b), consistent with the
value reported in the literature.!' By immersing this copper
plate into 0.03 M [Ag(NH;),]JOH solution for 1 h, its wett-
ability switched from hydrophilic to hydrophobic (CA =
~140°), and became superhydrophobic (CA >153°) if the
immersion time >6 h. These results reveal that the super-
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Fig. 2 (a) Water CA measurements on the surfaces of the obtained
films as a function of the duration of the solution-immersion time. (b)
The shape of a water droplet on a pure plain copper plate. (¢c) The
shape of a water droplet on the film obtained at 12 h.

hydrophobicity (CA >150°) of a pure silver surface on a metal
substrate can be achieved without any chemical modification.

As the surface morphology and roughness play a very
important role in the superhydrophobicity, we studied the
surface morphology of the obtained silver films as it evolved
as a function of time in different concentrations of [Ag(NH3),]-
OH solution. Fig. 3a shows that the silver film is made of
interconnected nanoplates with a CA of 140.4 & 1.0°, obtained
by immersing the copper plate into 0.03 M [Ag(NH3),JOH
solution for 1 h. This morphology built by interconnected
nanoplates is crucial for turning the silver film to hydrophobic.
For example, the silver film obtained by immersing the copper
plate into 0.05 M [Ag(NH3),]JOH solution for 1 h is also made
of interconnected nanoplates, except that the silver nanoplates
are larger (Fig. 4). It is also hydrophobic and the CA is
136.4 + 1.0°. However, silver films with aligned nanobars
are obtained upon decreasing the concentration to 0.01 M;

Fig. 3 SEM images of the as-prepared silver surfaces at different time
intervals: (a) 1 h, (c) 1.5 h, and (d) 6 h, respectively. (b) is a high
magnification image of (a). The inserts in (a), (c) and (d) are the shape
of a water droplet on the film obtained at each different immersion
time.
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Fig. 4 SEM images of different magnification of the as-prepared
silver surfaces (0.05 M, 1 h). The insert image in (a) is the shape of a
water droplet on the film.

meanwhile, the CA decreased to 89 + 1.0° (Fig. S27), and the
films were not hydrophobic. Therefore, it is rational to con-
clude that this morphology built by interconnected nanoplates
is responsible for the hydrophobicity of the film.

When the immersion time in the 0.03 M [Ag(NH;3),]OH
solution increases to 1.5 h, small flower-like structures orga-
nized by nanoplates start to emerge (Fig. 3c). The silver film is
hydrophobic and the CA increases. A further increase in the
immersion time leads to an increased surface area of the
flower-like structures and the flower-like structures grow
bigger (Fig. 3d). The obtained film starts to show superhy-
drophobicity. For immersion times close to 12 h, the flower-
like structures grow bigger, become continuous, and almost
cover the whole sheet (Fig. 1a). Thus, an interesting contin-
uous coating of flower-like structures is formed on the copper
surface and the CA is up to 156.7 £+ 1.6°. It is reasonable to
deduce that the CA varies according to the surface area of the
silver flower-like structures formed at different immersion
times, which indicates that the cooperation of lotus-like micro-
and nano-hierarchical structures plays an important role in
fabricating the superhydrophobic film.

To thoroughly understand the superhydrophobicity of the
pure silver film, we describe the CA in terms of the Cassie
equation. The CA on a composite surface can be expressed by
the equation:'? cos Or = ficos 6 — f». Here 0r and 0 are the CA
on the silver film with a rough surface and on the native
smooth silver film, respectively; fi and f, are the fractional
interfacial areas of the micro-nanostructures of silver aggre-
gates and of the air in the interspaces among the micro-
nanostructured silver, respectively (i.e. f1 + f> = 1). It is easy
to deduce from this equation that increasing the fraction of f,
increases the CA of the rough surface (6r). Therefore, we
ascribe the superhydrophobicity to the contribution of the air
trapped in the interspaces of double-scale micro-nanostruc-
tures, which means that the surface morphology and rough-
ness are essential in attaining the superhydrophobic film.

In conclusion, although the metal surfaces are generally
hydrophilic with high free surface energy, an endurable super-
hydrophobic pure silver film on a copper substrate without
any subsequent chemical modification has been prepared by
using a facile galvanic exchange reaction with aqueous

[Ag(NH;),]JOH. The use of [Ag(NH3),]JOH here facilitated
the formation of unprecedented well-defined silver micrometre
flower-like structures composed of nanoplates, which are
responsible for the superhydrophobicity of the pure metal
surface. In consideration of the special optical and electrical
properties of silver nano-materials, the achievement of a
superhydrophobic pure silver surface on a pure copper sub-
strate will enable us to find new promising technological
applications for them.
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