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ABSTRACT: A simple aqueous solution-immersion process was established to
fabricate highly dense ordered Cu,O nanorods on commercial phosphor-copper mesh,
with which the preparation was accomplished in distilled water. The present method,
with the advantages of simple operation, low cost, short reaction time, and
environmental friendliness, can be well adopted to fabricate desired Cu,O
nanostructures on the phosphor-copper mesh under mild conditions. After surface
modification with 1-dodecanethiol, the Cu,O nanostructure obtained on the phosphor-
copper mesh exhibits excellent superhydrophobicity and superoleophilicity. Besides, a
“mini boat” made from the as-prepared superhydrophobic phosphor-copper mesh can
float freely on water surface and in situ collect oil from water surface. This
demonstrates that the present approach, being facile, inexpensive, and environmentally
friendly, could find promising application in oil—water separation and off shore oil spill

cleanup.
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1. INTRODUCTION

The Gulf of Mexico oil spill is one of the most serious pollution
incidents of the last decades in the world: it released about 4.9
million barrels of crude oil into the ocean and brought wide and
serious damage to the ocean and coast near the oilfield. To deal
with such oil spills and reduce relevant environmental
pollution, scientists have made great efforts to pursue materials
and technologies that are applicable to efficiently separating oil
and water." Among various materials for such a purpose,
superhydrophobic absorbent materials, with excellent selective
absorption ability, fast absorption kinetics, and excellent
repeatability, are of particular signiﬁcance.z_4 To date,
superhydrophobic absorbent materials can be fabricated by
various approaches such as chemical vapor deposition,””
template method,®*™"! phase inversion,'* chemical etching,'>"*
self-assembly,">'¢ sol—gel process,'” "> electrospinning, and so
forth.>’7>® Deng and co-workers reported that superhydro-
phobic conjugated microporous polymers not only possess
good absorbencies for oils and nonpolar organic solvents but
also exhibit good absorbencies for toxic or polar organic
solvent.”” Xie and co-workers prepared a kind of monodisperse
porous polysulfone microsphere that can absorb motor oil up
to 33.6 times its self-weight.”® Athanassiou and co-workers
reported that a type of polyurethane foam fabricated by a
solvent-free, electrostatic polytetrafluoroethylene particle dep-
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osition technique exhibits water-repellent and oil-absorbing
capabilities as well as magnetic responsiveness.”

The above-mentioned materials can achieve high efficient
oil—water separation, but the preparing methods, unfortunately,
are usually time-consuming and cost-ineftective and rely on
specific equipment as well as chemicals including strong acid,
strong alkali, and even toxic reagents, which greatly hinders
their practical applications. This is why it is imperative to
pursue facile, inexpensive, and environmentally friendly
methods for fabricating functional absorbent materials.

We pay special attention to superhydrophobic porous
materials that can realize oil/water separation through filtrating
or absorbing oil from the oil—water mixtures.*** Polytetra-
fluoroethylene (PTFE) coated stainless steel mesh, reported by
Feng and co-workers, is an example of such superhydrophobic
porous materials. As-prepared PTFE-coated stainless steel mesh
integrates superhydrophobicity with superoleophilicity, and it
allows the spread and permeation of diesel oil droplet as well as
successful separation of the mixture of diesel oil and water.*®
Following Feng’s work, many researchers have fabricated
numerous functional materials with excellent separation
performance by a variety of methods. For example, Deng et
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al. used a dip coating method to prepare a functionally
integrated device that can continuously clean up spilled oil on
the water surface.®® Shi and co-workers, by combining
electroless metal deposition®” with monolayer self-assembly
technique, fabricated multifunctional nickel foam, which could
be used as a multifunctional device that integrates with the
functions of oil containment booms, oil-sorption materials, oil
skimmers, and water—oil separating devices.*® Li and co-
workers used a thermal oxidation process to fabricate a
functional miniature device based on a superhydrophobic and
superoleophilic mesh, and the as-obtained smart device could in
situ adsorb, contain, and collect a variety of oils from water
surface via capillary action and gravitational effect.** The
annealing method adopted by them, however, relies on heating
at elevated temperature to transform copper to cuprous
hydroxide, thereby adding to more energy consumption.
Recently, several researchers reported a kind of smart oil
collecting device,**™** which can achieve a more efficient oil
spill cleanup. For instance, Wang et al. adopted a dip-coating
method to fabricate a polyester-based functional sponge, which
could separate large amounts of oils (up to 35000 times its
own weight) from water surface in a one-step process.” Ge et
al. described an oil collection apparatus based on the
combination of porous hydrophobic and oleophilic materials
with pipes and a self-priming pump and realized consecutive in
situ collection of oil from water surface with high speed and
efficiency.*” Nevertheless, it still remains a challenge to pursue a
simple and green method to fabricate functional absorbent
materials for oil—water separation and oil spill cleanup.

Cu,O film has attracted extensive attention, due to its
potential applications in photovoltaic devices,”~* cataly-
sis, 0748 photoelectrochemical cells,*”° lithium ion battery,Sl’S2
water splitting,53 and so on. Thermal oxidation,*”>*** chemical
vapor deposition,> hydrothermal process,*® and electro-
deposition*>*¥*#7515356 have been widely applied to fabricate
various cuprous oxide films on different substrates. These
methods, however, have disadvantages such as a complicated
operating process,” high reaction temperature,****** high
cost,> and low environmental acceptability.>* Jayewardena et
al. and Fernando et al,, by making use of a simple solution-
immersion route at 40 °C, separately obtained Cu,O films.*”*
However, the as-obtained Cu,O layer is loose and random.
Thus, it is promising to fabricate highly dense ordered Cu,O
films at room temperature by a facile, inexpensive, and
environmentally friendly method.

In the present research, we simply immerse phosphor-copper
mesh in distilled water at room temperature to deposit high-
density of ordered Cu,O rod-like nanostructures. The whole
process is completed in distilled water in the absence of any
other chemical reagents. After surface modification with 1I-
dodecanethiol, the mesh with Cu,O nanostructures shows
excellent superhydrophobicity and superoleophilicity. The
present method, with the advantages of simple operation, low
cost, short reaction time, and environmental friendliness, could
help to offer a facile and environmentally friendly route for
fabricating functional absorbent materials with potentials for
oil—water separation and off shore oil spill cleanup.

2. EXPERIMENTAL SECTION

Materials. Phosphor-copper mesh was purchased from Jiuji Wire
Mesh Products Co. Ltd. (Anping, China; the phosphor-copper wire
has a diameter of 0.05 mm (200 mesh per inch), a copper content of
85—90% (mass fraction; the same hereafter), and a tin content of 5—
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15%). Copper mesh (copper content 99.9%) was purchased from
Sinopharm Chemical Reagent Co. Ltd. (Beijing, China).
Preparation of Superhydrophobic and Oleophilic Phosphor-
Copper Mesh. Phosphor-copper mesh with a size of 10 mm X 20
mm was sequentially cleaned ultrasonically in acetone and 0.1 mol L™
HNO; aqueous solution to thoroughly remove surface impurities. The
cleaned phosphor-copper mesh was immersed in distilled water at
different temperatures for different reaction durations to deposit Cu,O
nanostructures. Resultant phosphor-copper mesh with Cu,O nano-
structures was rinsed with distilled water and dried with nitrogen,
followed by immersion in the ethanol solution of 1-dodecanethiol
(C;H,5-SH, Sinopharm Group Chemical Reagent C. Ltd.; approx-
imately 0.01 M) for 18 h. At the end of immersion in the ethanol
solution of Cj,H,s-SH, the phosphor-copper mesh was rinsed with
ethanol and dried with nitrogen, followed by storing in an oven (60
°C) for 30 min to achieve superhydrophobicity and superoleophilicity.
Preparation of Superhydrophobic and Oleophilic “Mini
Boat”. As shown in Scheme 1, a phosphor-copper mesh sheet (5.0

Scheme 1. Schematic Diagram Showing the Fabrication of
the “Mini Boat”

“Mini boat” made with the phosphor-copper mesh

\

Phosphor-copper mesh

cm X 5.0 cm) is enfolded into the boat with a size of 3.4 cm X 3.4 cm
X 0.8 cm, and the “mini boat” is then immersed in distilled water to
grow Cu,O nanorods. Resultant Cu,O nanostructure is finally
modified with 1-dodecanethiol to provide superhydrophobic and
superoleophilic boat-like mesh, “mini boat”.

Sand Impact Tests of As-Prepared Phosphor-Copper Mesh.
To estimate the mechanical strength of as-prepared phosphor-copper
mesh, we conducted sand impact tests as shown in Scheme 2. Briefly,

Scheme 2. Schematic Illustration of Sand Abrasion
Experiment

Sand container

20cm

As-prepared phosphor

sand grains were introduced to impact the surface of the as-prepared
Cu,0 nanostructure from a height of 20 cm, and the contact angle
(CA) of the as-prepared phosphor-copper mesh after sand impact tests
was measured to estimate the physical and mechanical stability of the
mesh.

The Recycled Experiments of Oil-Water Separation. The
recycled experiments were carried out by the following process. As
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Scheme 3. Schematic Illustration of the Formation of Superhydrophobic Phosphor-Copper Mesh
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Figure 1. (a) SEM image of pristine phosphor-copper mesh; (b,c) SEM image and high-magnification SEM image of Cu,O nanostructure (prepared
at a room temperature of 25 °C and a reaction time of 3 h) on phosphor-copper mesh; (d) XRD patterns of the phosphor-copper mesh before (1)
and after (2) construction of Cu,O nanostructure; (e) XPS survey spectra of Cu,O nanostructures (room temperature 25 °C, reaction time 3 h) on
phosphor-copper mesh before (1) and after (2) being modified with 1-dodecanethiol; and (f) photograph of the water droplet with a contact angle
of (162.0 = 1.4)° (up) and an oil droplet with a contact angle of nearly zero (down) on as-prepared superhydrophobic and superoleophilic

phosphor-copper mesh.

shown in Figure 6a,b, the water—diesel oil mixture was well separated.
The “mini boat” was carefully washed with ethanol three times and
dried in the oven at 60 °C. The as-dried “mini boat” was finally placed
in the beaker to repeat the separating process.

Characterization of As-Prepared Phosphor-Copper Mesh.
The morphology of as-prepared Cu,O nanostructures modified with 1-
dodecanethiol was observed using a scanning electron microscope
(SEM, JSM-7001LV, JEOL Ltd., Japan). The composition and
chemical states of the Cu,O nanostructures before and after
modification with dodecanethiol were analyzed with an Axis Ultra
X-ray photoelectron spectroscope (XPS, VG Scientific ESCALAB 250,
UK) equipped with a standard monochromatic Al Ka source (hv =
1486.6 V). The binding energy data were calibrated with respect to
the C 1s signal of ambient hydrocarbons (C—H and C—C) at 284.8
eV. X-ray diffraction (XRD) patterns were obtained with a
multipurpose X-ray diffractometer (D8 Advance, Bruker AXS Inc,
Germany) equipped with a copper target tube and an incident beam
monochromator (1 = 1.5406 A). The Fourier transform infrared (FT-
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IR) spectra of dodecanethiol-modified Cu,O nanostructure and
dodecanethiol (the modifier) were recorded with an infrared (IR)
spectrometer (AVATAR360, Nicolet, U.S.). Water contact angles at
room temperature (4.5 uL of distilled water droplet was used for the
measurements) were measured with an optical contact angle meter
(Dropmaster 300, Kyowa Interface Science, Japan), and at least five
repeat measurements were conducted for each tested sample. A high-
speed digital camera attached to the contact angle meter (JC2000D2,
Shanghai Zhongchen Digital Technology Equipment Co., Ltd,,
Shanghai, China) was performed to record the images of the water
droplet (8 wuL) rolling off the surface of as-prepared Cu,O
nanostructures after modification with dodecanethiol.

3. RESULTS AND DISCUSSION

Scheme 3 presents the schematic illustration of the formation
of Cu,O nanostructure on the phosphor-copper mesh via
immersion and deposition in distilled water, where the
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formation of Cu,O nanorods is completed within 3 h. After
ultrasonically cleaned phosphor-copper mesh is immersed in
distilled water at room temperature (about 25 °C), the mesh
surface gradually changes from copper color to light yellow
along with extending reaction time, which indicates that some
new substances have been generated on the phosphor-copper
mesh. This approach has several advantages. The whole process
is completed in distilled water in the absence of chemicals such
as strong acid, strong alkaline, and other environmentally
unfriendly reagents, which means that the route is environ-
mentally acceptable. Besides, the route is inexpensive and facile
and does not involve special technique or special equipment,
which provides feasibility to realize industrial mass production
of superhydrophobic nanostructures on phosphor-copper mesh
surface.

Typical scanning electron microscopic (SEM) images of the
phosphor-copper meshes before and after immersing in distilled
water are shown in Figure lab. The pristine phosphor-copper
mesh has a quite smooth surface (Figure la). After the
phosphor-copper mesh is immersed in distilled water at 25 °C
for 3 h, high density of regular and ordered nanostructure is
formed on the surface (Figure 1b). The corresponding high
magnification SEM image reveals that the nanostructure
consists of nanorods with a diameter of about 90 nm (Figure
1c), and most of the nanorods grow into nanoclusters at an
inter-angle of 90°. In such a mode of growth, the nanostructure
and micrometer-sized phosphor-copper wires form a hierarch-
ical morphology with dual-scale roughness, which helps to
endow the mesh with improved wettability. Figure 1d presents
the XRD patterns of the mesh before and after immersion in
distilled water (25 °C, 3 h). Both original phosphor-copper
mesh and the mesh with Cu,O nanostructure show strong
XRD peaks of cubic-phase Cu (marked with black dots; JCPDS
card no. 77-3038), and the latter exhibits a small new diffraction
peak (see the XRD peak marked with a black diamond in
pattern 2 of Figure 1d) that can be well indexed to Cu,O
(JCPDS card no. 65-3288). In other words, the rod-like
nanostructure formed on the surface of the mesh consists of
Cu,O nanocrystal.

Figure le shows the typical XPS survey spectra of Cu,O
nanostructure (25 °C, 3 h) before and after chemical treatment
with 1-dodecanethiol. Both samples exhibit a Cu 3p peak at
75.1 eV, Cu 3s peak at 122.4 eV, Cu 2p doublet (Cu 2p*? at
932.4 eV and Cu 2p"/? at 952.4 eV), Sn 3d”/? peak at 486.1 eV,
O 1s peak at 531.1 €V, and C 1s peak at 284.8 V. The Sn 3d>/*
peak is attributed to the tin phase of phosphor-copper. In
Supporting Information Figure Sla, the Sn 3d double peaks can
be fitted into two doublets located at 486.0 eV (Sn 3d*?) and
494.5 €V (Sn 3d*?) as well as 485.2 eV (Sn 3d”?) and 493.6
eV (Sn 3d*?), and they could be attributed to surface oxidation
of tin (SnO,) and unoxidized tin below the oxide layer.’*®
This indicates that tin on the surface of phosphor-copper mesh
is oxidized into SnO, upon immersion in distilled water,
generating Cu,O nanorods. Supporting Information Figure S2
shows the high-resolution XPS spectra of O 1s region of as-
prepared Cu,O nanostructures and the as-prepared Cu,O
nanostructures modified with 1-dodecanethiol. The XPS O 1s
peaks can be fitted into two peaks located at ca. 530.3 and 532.0
eV (531.7 eV), which are attributed to the lattice oxygen of
Cu,0 and surface-adsorbed oxygen species.’’ This indicates
that as-prepared phosphor-copper mesh has a large amount of
oxygen species adsorbed on the surface, which could be because
the nanrods on the surface possess many corners and steps that
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offer a large surface area and abundant adsorption sites. The
peak located at ca. 530.3 eV corresponds to Cu,O
nanostructure, it is found before and after chemical treatment
with 1-dodecanethiol, and its intensity decreases significantly
after the modification, due to chemical reaction. The C 1s peak
at 284.8 eV corresponds to contaminant carbon and/or carbon
of dodecanethiol, and its intensity increases significantly after
the Cu,O nanostructure is modified with dodecanethiol. This
primarily proves that chemical adsorption and/or chemical
bonding take place upon the modification of the Cu,O
nanostructure by dodecanethiol, which is further confirmed
by corresponding FT-IR data. As shown in Figure 2, the
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Figure 2. FT-IR spectra of Cu,O nanostructure modified with
dodecanethiol (upper part) and modifier dodecanethiol (lower part).

absorption band at 2850—2920 cm™" is attributed to the C—H
stretch vibration of —CH; and —CH,—, and the one at 2570
cm™' is assigned to the stretching vibration of S—H.
Interestingly, Cu,O nanostructure modified with dodecanethiol
does not show the S—H stretching vibration at 2570 cm™,
which implies that S—H is destroyed and S atom is anchored on
the surface of Cu,O nanostructure via strong interaction.®>

To further reveal the chemical state of S in the as-prepared
Cu,O nanostructure modified by dodecanethiol, we collected
high-resolution XPS data of S element. The S 2p XPS spectrum
of the phosphor-copper mesh containing Cu,O nanostructure
modified by dodecanethiol can be fitted into three major peaks
(see Supporting Information Figure S1b). The S 2p peak at
162.3 eV is assigned to the RS—Cu group that is formed upon
the c}égzmical reaction between RSH and Cu(I) by the following
eq 1:

Cu,0 + 2RSH — 2RSCu + H,0 (1)

)

Meanwhile, as shown in eq 2, disulfide RS—SR is also generated
during the reaction of RSH with Cu,0.°* The S 2p peak
centered at 163.1 eV is originated from disulfide that can be
physically adsorbed on the surface of the mesh,*® and the S 2p
peak at 163.6 eV is attributed to the unbound thiols.*® These
XPS data give further evidence to the conclusion that the rod-

Cu,0 + 2RSH — 2Cu + RS—SR + H,0
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Figure 3. (a) Advancing/receding contact angle (denoted as 8, and &) of phosphor-copper mesh with Cu,O nanostructure obtained at 25 °C and 3
h. Diagrams showing the contact process of a water droplet (8 L) on the surface of phosphor-copper mesh: (b) right upon contact, (c) after 0.040 s
of contact (the sliding angle less than 1°). The arrow represents the moving direction of the water droplet.

oRD O

Figure 4. Approach, contact, deformation, and departure processes of a 4 uL water droplet suspended on a syringe with respect to superhydrophobic
Cu,O nanostructure obtained at 25 °C and 3 h. The arrows represent the moving direction of the water droplet in relation to the substrate.

like nanostructure formed on the surface of phosphor-copper
mesh is composed of Cu,O nanocrystal.

Moreover, as shown in Figure 1f, the water droplet on the
dodecanethiol-modified rod-like Cu,O nanostructure looks like
a sphere, and its water contact angle is as much as (162.0 =
1.4)°, corresponding to excellent superhydrophobicity. Mean-
while, diesel oil, a liquid with low surface tension, spreads
quickly on the dodecanethiol-modified rod-like Cu,O nano-
structure mesh and permeates it thoroughly, corresponding to
high oleophilicity. This indicates that as-prepared Cu,O
nanostructure modified with dodecanethiol exhibits super-
hydrophobicity and superoleophilicity.

The formation mechanism of rod-like Cu,O nanostructures
on the surface of phosphor-copper mesh in distilled water was
also investigated. First, we put the pretreated phosphor-copper
mesh (the pretreatment involves two stages: the removal of
organic substances on the surface by acetone and the removal
of the oxides thereon by HNO; aqueous solution) into double
distilled water, and we found that the trace substances in the
double distilled water have no significant effects on the
formation reaction of rod-like Cu,O nanostructures therein
(see Supporting Information Figure S3a). Second, we put the
copper mesh pretreated with the same process into distilled
water, but we found that no Cu,O crystal is formed on the
surface of the copper mesh (see Supporting Information Figure
S3b). Third, we cleaned the phosphor-copper mesh in acetone
to remove organic substances but did not clean it in HNO;
aqueous solution to remove the oxides, and in this case we
failed to obtain rod-like Cu,O nanostructures (see Supporting
Information Figure S3c). This indicates that some ingredients
in the phosphor-copper mesh may catalyze the formation of
Cu,O crystal, and the oxides on the surface of the phosphor-
copper mesh prevent the chemical reaction from igniting. We
conducted further experiments to clarify whether the oxygen
originated from water or the oxygen dissolved in water is
responsible for the oxidation process of the phosphor-copper
mesh therein, and we found that no Cu,O nanorods are formed
in the dissolved oxygen-free water. This demonstrates that
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dissolved oxygen in water plays a key role in the oxidation
process of the pretreated phosphor-copper mesh, and it could
be feasible to well manipulate the formation of Cu,O crystal by
properly controlling the amount of dissolved oxygen. More-
over, it is critical to identify the role of the tin phase in the
oxidation process. In the pretreatments, the oxide layer of the
phosphor-copper mesh is removed by cleaning with HNO;
aqueous solution, while the tin phase is partly dissolved to
generate many pits. Upon immersion of the cleaned phosphor-
copper mesh in distilled water, the tin phase is oxidized first,
due to its higher activity than copper, and the Cu,O
nanostructures may form through the mechanism similar to
localized corrosion in copper tubes.®” The pits on the
phosphor-copper mesh surface may function as microanodes
for copper dissolution and the adjacent copper phase as
microcathodes for oxygen reduction, thereby allowing prefer-
ential oxidation at the defects (i.e., the pits) through the anodic
reaction described in eq 3 and cathodic reaction described in eq
4:

()

(4)

The OH™ ions formed at the cathode can migrate and diffuse
toward the anode to form Cu,O through eqs 5 and 6:

Cu— Cut+e

O, + 2H,0 + 4e — 40H™

©)
(6)

Cu,O tends to preferentially nucleate at the defects on the
phosphor-copper mesh surface and gradually grow. Never-
theless, it still remain unknown why the oxidation process is so
fast and how the two phases of the metals influence each other
in the oxidation process. Further work is to be conducted to
clarify these issues.

A very high static water contact angle in association with a
very low sliding angle is referred to as the “lotus effect” %5
The so-called “lotus effect” means that small droplets with very

Cu" + OH - CuOH
2CuOH - Cu,0 + H,0
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Figure S. (a) Dynamic water contact angle measurements on superhydrophobic phosphor-copper mesh modified with 1-dodecanethiol under
deposition temperatures of 15, 25, 35, 45, and 60 °C; insets are corresponding photographs of the water contact angle. (b) Dynamic water contact
angle measurements on superhydrophobic phosphor-copper mesh modified with 1-dodecanethiol under deposition times of 20 min, 40 min, 1 h, 2 h,

3h,6h, 18 h, 36 h, and 288 h.

low adhesion can easily roll off solid surface and carry away dirt,
thereby realizing self-cleaning. Aside from the static contact
angle measurements of the Cu,O nanostructures prepared in
distilled water at 25 °C, the wetting behavior of the as-prepared
Cu,O nanostructures was also analyzed by contact angle
hysteresis. As shown in Figure 3a, as-prepared Cu,O
nanostructures exhibit very high advancing/receding contact
angles of (162.8 = 0.6)° and (161.7 + 0.7)° as well as a low
contact angle hysteresis of (1.2 + 0.2)° showing good
superhydrophobicity. Meanwhile, the water droplet rolls off
the superhydrophobic mesh surface within a very short time
(about 0.040 s) while the mesh is not tilted at all (see Figure
3b,c and Supporting Information videos S1 and S2). Naturally,
such an “easy rolling” characteristic of the water droplet on as-
prepared superhydrophobic mesh surface adds difficulty to the
contact angle measurements. To deal with this issue, we
carefully stick macroscopically rough phosphor-copper mesh
onto a glass substrate with a double-sided adhesive. Even so,
the water droplet still can easily roll off during water angle
measurements, which demonstrates that as-prepared super-
hydrophobic nanostructure on the phosphor-copper mesh
exhibits a very low sliding angle. Figure 4 shows the contact,
deformation, and departure processes of a 4 uL water droplet
suspended on a syringe with respect to the as-prepared
superhydrophobic surface. It can be seen that the water droplet
can almost completely detach from the substrate even upon
severe deformation. Such an excellent superhydrophobicity
should be closely related to the surface morphology and the
special chemical composition of the as-prepared nanostructure.
The mesh is composed of phosphor-copper wires with a
diameter of about 40 ym, and the phosphor-copper wires are
interweaved with each other to form a micrometer-sized rough
surface. Immersion of the rough pristine phosphor-copper
mesh in distilled water produces Cu,O nanorods, thereby
providing a dual-scale roughness surface. After introduction of
1-dodecanethiol with low surface free energy, such a dual-scale
roughness structure can bring a sufficient proportion of trapped
air to the surface and largely increase the repellent force to
water, resulting in stable superhydrophobicity in association
with a very low sliding angle and nearly zero adhesion to water
droplet. As a result, the water droplet is able to instantly roll off
the superhydrophobic mesh surface and eliminate dirt thereon,
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thereby resulting in self-cleaning of the mesh surface (see
Supporting Information video S3).

It is cheap and facile to fabricate nanostructures on metal
substrate by solution-immersing technique, but this method
always needs to accurately control the deposition temperature
and solution concentration, which play important roles in
crystal growth.”’””* We also conducted studies in this respect.
As shown in Figure Sa, superhydrophobic Cu,O nanostructures
prepared under deposition temperatures of 15, 25, 35, 45, and
60 °C exhibit water contact angles of (160.8 + 1.2)°, (162.0 +
14)°, (1592 + 1.0)°, (157.8 + 0.7)°, and (148.8 + 0.9)°,
respectively (the averages of the five repeat measurements of
contact angles are provided, and the numerals following “+”
refer to standard measurement deviations). Besides, varying
deposition temperature from 15 to 45 °C leads to few changes
in the superhydrophobicity of as-prepared Cu,O nanostructure
modified by 1-dodecanethiol. In other words, the present
approach could be promising for large-scale commercial
application of superhydrophobic Cu,O nanostructure on
phosphor-copper mesh, because it is applicable in a wide
range of reaction temperatures. Yet, as the immersing
temperature increased to 60 °C, the water contact angles of
the mesh would rapidly drop to (148.8 + 0.9)°. This indicates
that too high of an immersing temperature will greatly affect the
hydrophobicity performance of the surface. The high-
magnification SEM images of superhydrophobic Cu,O
nanostructures on phosphor-copper mesh obtained under
different deposition temperatures provide further evidence to
the influence of reaction temperature on the growth and size of
Cu,O nanostructures (see Supporting Information Figure S4).
As the reaction temperature increases from 15 to 25 °C, the
diameter of the Cu,O nanorods increases (see images a and b
of Supporting Information Figure S4). Besides, block-like Cu,O
nanostructure starts to appear on the surface of the mesh after
it is immersed in distilled water at 35 °C (see image c of
Supporting Information Figure S4). The block-like Cu,O
nanostructure tends to agglomerate into nanoclusters with
increased sizes when the reaction temperature further rises to
45 °C. At a higher immersing temperature of 60 °C, the
diameter of the nanoclusters increases to 200—800 nm;
meanwhile, the rod-like nanostructures disappear on the
surface, thereby leading to a sharp decrease of the water
contact angle. Deposition time is another factor that has an
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Figure 7. (a,b) Simple experiment designed to separate the mixture of n-hexane and water, (c) separating efficiency of different types of oil or
organic solvents (the separation time of the “mini boat” for various oil—water mixtures is given at the top of the image), and (d) recycled

experiments for separating oil from water by using the “mini boat”.

important influence on the crystal growth and surface
morphology. Figure Sb shows the dynamic water contact
angle measurements on superhydrophobic Cu,O nanostructure
modified with 1-dodecanethiol prepared under different
deposition times (from 20 min to 288 h). It is seen that the
water contact angle of the superhydrophobic nanostructures
rises from (149.8 + 0.7)° to (1604 =+ 1.1)° when the
deposition time extends from 20 to 40 min, but further
extending the deposition time from 40 min to 288 h leads to
few changes in the water contact angle. This means that the
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growth of the superhydrophobic Cu,O nanostructure on the
phosphor-copper mesh can be completed within a quite short
deposition time (about 40 min), which is also confirmed by
relevant Supporting Information (see Figure S5). Cu,O
nanorods with nonuniform sizes are generated on the surface
of the phosphor-copper mesh after it is immersed in distilled
water for 20 min (see Supporting Information Figure SSa), and
the Cu,O nanorods grow into a uniform and dense
nanostructure after 40 min of immersion in the distilled
water (see Supporting Information Figure SSb). As the
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deposition time continues to increase, the diameter and length
of the Cu,O nanorods rise (some of them even have a length of
1.5 pym), and most of them have grown many split ends like
branches. As can be seen from Supporting Information Figure
SSe—h, the so-called “dendrite structure” becomes more dense
when the reaction time extends from 3 to 36 h; meanwhile, the
surface morphology of the nanostructure remains nearly
unchanged. When the immersing time is extended to 288 h,
agglomerated particles emerge on the surface of the mesh, but
the contact angle of the surface changes slightly.

Nowadays, the pollution of seawater by oil is one of the most
serious environmental problems worldwide. Particularly, an off
shore oil spill adds difficulty to the treatment and collection of
the contaminated oil. Although superhydrophobic and super-
oleophilic meshes can be used to efficiently separate oil
contaminants from water, rare examples are currently available
about their direct applications in dealing with large-scale off
shore oil spills, which is partly due to the difficulty in collecting
and filtering a huge amount of seawater contaminated by oil.
Viewing this situation, we expect that the present approach
could be adopted to prepare a boat-like superhydrophobic and
superoleophilic mesh that can float on seawater, thereby
providing a solution to clean up off shore oil contamination.
For this purpose, a “mini boat” was prepared from the
phosphor-copper mesh (see Scheme 1 and Figure 6a). To
evaluate the cleanup capability of the “mini boat”, we
conducted a simulation test as illustrated in Figure 6b, where
the diesel oil labeled with oil red dye (a tracer) was dropped
into the water to simulate oil pollution. It can be seen that the
“mini boat” can float freely on the water and the diesel oil can
easily permeate into it while water is excluded. After the diesel
oil trapped in the “mini boat” is taken away continuously with a
glass syringe (see Figure 6c,d), remnant diesel oil can
continuously pass through the mesh into the “mini boat”. In
this way, most of the oil pollutant is well collected (Supporting
Information video S4 illustrates the whole cleanup process).
Hopefully, as-prepared “mini boat” could find promising
applications in dealing with off shore oil spill, and it could be
of particular significance because there is no need to collect the
oil-contaminated seawater while the “mini boat” can float on
seawater to allow direct collection of the oil contaminant via
permeation. In other words, the oil contaminant can be filtered
at the oil spill site, which should help to decrease the
production cost and increase the efficiency of cleanup.

In addition to its oil collection capability, the “mini boat” can
also be used as an oil—water separator. For this purpose, we
designed a simple experiment to evaluate the oil/water
separation capability of the “mini boat”. As shown in Figure
7a, the “mini boat” is put on a beaker, and then the mixture of
water and n-hexane (dyed with methyl blue and oil red,
respectively, for easy observation) is poured into the beaker
through the “mini boat”. Obviously, the n-hexane quickly
penetrates through the “mini boat” and flows into the beaker
while water remains in the “mini boat” (see Figure 7b). This
indicates that the “mini boat” can easily separate oil—water
mixtures. We further investigated the separation efficiency of
the “mini boat” by collecting and weighing the oil passing
through the “mini boat”. The separation efliciency is defined as
the mass ratio of the oil collected from the beaker to that in the
original oil—water mixture. As shown in Figure 7c, different
types of oils such as gasoline, diesel oil, #n-hexane, toluene, and
chloroform (the surface tension of various tested oils is listed in
Supporting Information Table S1) can be separated by the
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“mini boat” at an efficiency of more than 96%, and various oil—
water mixtures can be well separated in 4 min.

In terms of the field application of as-prepared Cu,O
nanostructure with superhydrophobicity and superoleophilicity,
it is imperative to investigate its physical and chemical stability
as well as recyclability and durability. Thus, we conducted 24 h
of immersion test in seawater to evaluate its corrosion
resistance. It was found that, after immersion in seawater for
24 h, the Cu,O nanostructure on the phosphor-copper mesh
retains nearly unchanged water contact angle, which implies
that the nanostructure exhibits good chemical stability in
seawater. We also conducted sand impact tests to investigate
the mechanical strength of the as-prepared Cu,O nanostructure
(in the whole process of impact test, about 35 g of sand grains
was introduced to impact the surface). It was found that as-
prepared Cu,O nanostructure retains superhydrophobicity after
3 min of sand impact, although extended impinge by the sand
grains leads to a gradual decrease in the water contact angle.
This means that the as-prepared Cu,O nanostructure exhibits
fair ability to resist sand impact while its superhydrophobicity is
retained. More importantly, the as-prepared “mini boat” retains
a high separation efficiency even after it is recycled (for the
separation of diesel oil and water) for more than 10 times
(Figure 7d), which indicates that the superhydrophobic and
superoleophilic Cu,O nanostructure modified by 1-dodeca-
nethiol on phosphor-copper mesh exhibits good recycling
performance for oil—water separation and oil spill cleanup as
well.

4. CONCLUSIONS

We have established a facile, inexpensive, and environmentally
friendly approach for fabricating highly dense ordered Cu,O
nanorods on phosphor-copper mesh. The present approach is
advantageous over previous ones, because it adopts distilled
water as the reaction medium and works well in a wide
temperature range and at a shortened reaction time. As-
prepared Cu,O nanorods modified by dodecanethiol exhibit
excellent superhydrophobicity and superoleophilicity as well as
good self-cleaning ability and oil—water separation capability,
showing great potential for concentration and collection of oil
contamination and other organic chemicals with low surface
tension from water surface as well as cleanup of off shore oil
spill.
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