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ABSTRACT: Creating ordered microstructures with hydrophobic and hydrophilic
moieties that enable the collection and storage of small water droplets from the
atmosphere, mimicking structures that exist in insects, such as the Stenocara
beetle, which live in environments with limited amounts of water. Inspired by
this approach, vertically aligned multiwalled carbon nanotube forests (NTFs) are
asymmetrically end-functionalized to create hygroscopic scaffolds for water harvest-
ing and storage from atmospheric air. One side of the NTF is made hydrophilic,
which captures water from the atmosphere, and the other side is made superhy-
drophobic, which prevents water from escaping and the forest from collapsing. To
understand how water penetrates into the NTF, the fundamentals of water/NTF
surface interaction are discussed.
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■ INTRODUCTION
Fresh water is an ever-decreasing resource that can be found in
small amounts in almost every environment. In nature, there are
many organisms, such as the Stenocara beetle, which lives in the
Namib Desert and survives by drinking fogwater that collects
on its wing case.1 The unique design of the Stenocara beetle’s
back involves randomly spaced bumps with hydrophilic peaks
surrounded by hydrophobic areas that guide water into its
mouth. The Stenocara beetle stands on a sand dune, facing into
the morning wind at a 45° angle. With its head facing downward
and its bottom upward, the minute water droplets from the fog
collect on the superhydrophilic peak of each bump. When the
water droplets grow big enough, they detach from the bump
peaks, fall onto the superhydrophobic areas between the bump
peaks, and are guided downward to the beetle’s mouth.1

Additionally, Stipagrostis Sabulicola2 and Cotula Fallax3 are
some other organisms that are able to effectively capture
water droplets from the fog of the morning desert by using
hydrophilic/hydrophobic combinations. In the recent past, a
few efforts have been done using these and other hydrophilic/
hydrophobic biomimetic mechanisms to capture and harvest
atmospheric water4−13 that do not require significant amounts of
energy. Up to now, several approaches have been reported to
create hydrophilic/hydrophobic surfaces for water harvesting. In
these reports, polymers have been extensively used. For example,
Zhai et al. mimicked the Stenocara beetle by creating hydrophilic
patterns on superhydrophobic surfaces using hydrophilic and
hydrophobic polymers.14

Another material that can be used for water harvesting is
carbon nanotubes (CNTs). Known for their small size and
mechanical and physical strength, CNTs can be easilymade hydro-
philic or superhydrophobic by chemical functionalization.15,16

Several kinds of CNT functionalizations, such as covalent17 and
noncovalent functionalization,18 have been reported extensively.
Another type of CNT functionalization is asymmetric end
functinalization, which attaches two different functionals at their
opposite ends.19 Even though some work has been reported, it is
still a big challenge to functionalize two end tips with different
functional groups.19,20 For example, Lee et al. have used UV
irradiation to attach different functional groups to opposite ends
of individual CNTs.19

In order to harvest water, the material must consist of both
hydrophilic and hydrophobic surfaces. For example, Kinoshita
and co-workers used micropatterning on CNT films to create
superhydrophobic−hydrophilic heterogeneous surfaces using
plasma-type hydrothermal atom beams.15 Here we report a new
approach for anisotrophically functionalized carbon nanotube
forest (NTF) as superhydrophilic/superhydrophobic. Because
of the combination of hydrophilic and hydrophobic surfaces, we
were able to utilize the material for water collection from dry air
and high-humidity air. By this approach, the water microparticles
in air can be captured and stored in comparatively large amounts.
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■ EXPERIMENTAL SECTION
The NTFs were synthesized via water-assisted chemical vapor
deposition (CVD) on a silica substrate, described elsewhere;21 they
were grown for 3 h, resulting in a height of∼1 cm. Prior to CNT growth,
10-nm-thick aluminum buffer and iron catalyst layers were deposited on
the silica wafer using electron-beam (E-beam) evaporation. The CNT
synthesis takes place at 775 °C under Ar/H2 with ethylene as the carbon
source and a water bubbler to aid in the removal of amorphous carbon.
To create the hydrophobically functionalized side of the NTF,

1H,1H,2H-heptadecafluoro-1-decene (HDFD; 99%, Sigma-Aldrich)
was coated onto the top surface of the as-grown NTF and plasma-
treated (700 V direct current) for 2 min. After this, the NTF was then
removed from the silica substrate, flipped over, and transferred to a new
silica substrate for further functionalization on the bottom surface. For
hydrophilic functionalization on the opposite side of the NTF, 0.5 mL
of poly(ethylene glycol) methacrylate (PEGMA) monomer (average
Mn = 360; Sigma-Aldrich) was coated onto the surface, and the NTF
was plasma-treated (700 V direct current) for 2 min (Figure 1). For
comparison, one hydrophobically/hydrophilically functionalized NTF
(PEGMA/HDFD-NTF), one NTF only hydrophilically PEGMA
functionalized (PEGMA/PEGMA-NTF) on both top and bottom,
one NTF only top side functionalized with PEGMA (PEGMA-NTF),
and one nonfunctionalized NTF were all tested for water harvesting.
Characterization was performed using scanning electron microscopy
(SEM; FEI Quanta 400 ESEM FEG), Raman spectroscopy, X-ray
photoelectron spectroscopy (XPS), thermogravimetric analysis (TGA),
Fourier transform infrared spectroscopy (FT-IR), and contact-angle
measurements.

■ RESULTS AND DISCUSSION
To confirm that the NTF is actually hydrophilic/hydrophobic
asymmetrically end-functionalized, the contact angle of
each side is measured and discussed. The three different stages
of functionalizationas-grown NTF, HDFD-NTF, and
PEGMA-NTFcan be seen in the SEM images shown in
parts a−c of Figure 2, respectively. As seen in the inset of the
three figures, the contact angle increases with HDFD treatment

[118° (as-grownNTF) to 162° (superhydrophobic)] and becomes
completely hydrophilic after PEGMA treatment (0°). As seen in
Figure 2, the surface roughness of the end-functionalized NTF
also affects the hydrophobicity and hydrophilicity of the surfaces;22

a hydrophobic/hydrophilic surface becomes superhydrophobic/
superhydrophilic with larger surface roughness.22 It is also
important to note that infiltration of the organic monomers and
plasma treatment for polymerization only functionalize the ends
of the CNTs up to a few micrometers in depth (Figure 3a,b),
which creates a CNT pot/container.
An additional way to evidence the success of hydrophilic/

hydrophobic functionalization of the NTF is Raman and IR
spectroscopy, XPS, and TGA. As seen in Figure 4a, upon
comparison of the Raman spectra of the as-grown NTF to that of
PEGMA-CNT and HDFD-NTF, the G band, the in-plane vibra-
tion of the C−C bond, the D band, which shows the structural
defects,23 and the G′ band, the second-order overtone of the
D band, all upshifted because of intercalation of the polymer with
the CNT bundles.24 In Figure S1 in the Supporting Information
(SI), the IR spectrum of HDFD-NTF shows a characteristic
perfluoroalkyl chain, −CF2− stretching, between 1087 and
1245 cm−1 and a CF3 stretching band around 1350 cm−1.25

On the PEGMA-NTF side, the IR spectrum shows an ether
stretching band around 1735 cm−1 and alkyl chain CH2 and CH3

stretching bands at 2892 and 2977 cm−1, respectively. XPS
analysis, performed for quantitative chemical analysis, of the
as-grown NTF (Figure 4b) shows sp2 C atoms at approximately
284.6 eV, and peaks at 284.9 and 285.4 eV represent CO and
C−O bonds, respectively. A weak oxygen peak at around 532 eV
is shown in Figure S8 in the SI. In the XPS spectrum of HDFD-
NTF (Figure 4c), the C 1s spectrum corresponds to graphitic
carbon and the shoulder peak at 286.5 eV shows C−CF bonding.
The peak at 291.8 eV represents CF2 bonding, and CF3 bonding
is seen at around 294 eV. There are two C 1s peaks in XPS

Figure 1. Schematic representation of asymmetric end functionalization of NTF. The top surface of the forest was coated with HDFD monomer and
plasma-treated for 2 min. NTF was flipped over to another substrate, coated with PEGMA, and plasma-treated for 2 min.
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analysis of PEGMA-NTF at 285 and 286.5 eV, corresponding to
CO and CH2 (Figure 4d) and a peak at 289 eV representing
O−CO bonding.26,27 PEGMA-NTF has a larger amount of
O atoms than the as-grown NTF because of the contribution
of carbonyl (CO) and ether (C−O) functional groups in
PEGMA. TGA, conducted in an Ar atmosphere (10 °C/min;
Figure S2 in the SI), shows that the PEGMA-CNT and HDFD-
CNT sides of the forest start to decompose around 230 and
600 °C, respectively.
To demonstrate its water-harvesting capabilities, the PEGMA/

HDFD-NTF samples were exposed to dry and humid air at room
temperature and weighed before and throughout the experiment.
During testing, PEGMA/HDFD-NTF was oriented so that the
hydrophilic PEGMA-treated surface remained facing upward,
to capture the water, and the superhydrophobic HDFD-treated
surface remained facing downward, to hold the water. Four types
of samples were tested: PEGMA/HDFD-NTF, PEGMA/
PEGMA-NTF, PEGMA-NTF, and as-grown NTF. The first
test was performed in dry air [21% relative humidity (RH)] for

11 h and weighed every 1 h. The second test was performed
under very humid air (89% RH), generated by a water bubbler
(Figure S5 in the SI), for 13 h and weighed every 1 h.
To measure the water evaporation (WE) rate, 1 mL of water

was dropped onto the hydrophilic side of PEGMA/HDFD-NTF
and weight measurements were taken every 1 h at room tem-
perature as well as under heating (40 °C). To compare this rate
to the normal WE rate, a separate glass vessel (0.5 cm diameter)
was tested simultaneously. These results show that the
evaporation rate of water in the asymmetrically functionalized
NTF is slower than that in a solid vessel because the asymmetri-
cally functionalized NTF is able to isolate water from the external
environment.
It was found, during the first water-harvesting and storage

test, seen in Figure 5a, that PEGMA/HDFD-NTF with a
0.5 cm × 0.5 cm surface (∼8 mg) harvests 27.4 wt % (∼2.27 mg)
of water from the air in 11 h. In the second test performed under
high RH, also seen in Figure 5a, PEGMA/HDFD-NTF collected
80 wt % (∼6.4 mg) of water in 13 h. PEGMA-NTF, tested under

Figure 3. SEM images of (a) HDFD-NTF (superhydrophobic side) and (b) PEGMA-NTF (superhydrophilic side). It can clearly be seen that polymers
penetrate a few micrometers into the CNT because monomers penetrate into the forest during coating. If the amount of monomers increase, the
penetration will be deeper.

Figure 2. SEM images of (a) as-grown NTF (contact angle of the CNTs is 118°), (b) HDFD-NTF (contact angle is increased to 162°, which is a
superhydrophobic surface), and (c) PEGMA-NTF (contact angle decreased to 0°, which is superhydrophobic). Polymerization on the surface clearly
can be seen after plasma treatment.
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the same conditions, collected ∼6.4 mg of water in 13 h, but the
nonfunctionalized side of NTF collapsed, leading to destruction of
the entire forest (Figure S3 in the SI) . The HDFD and PEGMA
polymers prevent destruction of NTF due to covalent bonding
between the CNTs and polymers. PEGMA/PEGMA-NTF was
not able to store water; water was dropped onto the hydrophilic
top and escaped from the hydrophilic bottom side. After under-
going the same testing, as-grown NTF shows no weight difference
because of the hydrophobic nature of the entire forest.
In order to understand how water penetrates and stores in the

NTF, it is important to understand the interactions between
the water molecules and hydrophilic PEGMA or hydro-
phobic HDFD surfaces, respectively. Water is a polar molecule,
where the hydrogen bonding keeping the atoms together is
constantly breaking and forming bonds with new molecules.

The hydrophilic PEGMA surface consists of polar oxygen-
containing functional groups (−OH, −CO, C−O−C), which
absorb water due to hydrogen bonding, van derWaals forces, and
dipole−dipole interactions between the superhydrophilic surface
and water molecules. Water that is liquid, meaning it has a small
contact angle on surfaces, will spontaneously condense from
vapor into pores on the superhydrophilic forest side.28 Because
the adhesive forces between the water molecules and the
hydrophilic surface of NTF are stronger than the cohesive forces,
the water molecules are able to spread over the PEGMA-NTF
surface. Awatermolecule attracts othermolecules, which surround
it, and, in turn, is attracted by them. For water molecules that
are inside a liquid, the result of all of these forces is neutral, and
the molecules are equally attracted to each other. When these
molecules are on the surface, they are attracted by the water

Figure 5. (a) Harvesting water from a low RH rate and a high RH rate. (b) WE rate of water from asymmetrically functionalized NTF and from a vessel.

Figure 4. (a) Raman spectra of as-grown and asymmetrically functionalized NTF. XPS spectra of (b) as-grown NTF, (c) HDFD-NTF
(superhydrophobic), and (d) PEGMA-NTF (superhydrophilic).
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molecules that are below and by lateral ones. As a result of
these attractions, water molecules are directed inside the liquid28

(Figure S6 in the SI).
Capillary force, gravitational force, and pressure balance

models can be used to predict the penetration of water into
PEGMA/HDFD-NTF. The pressure balance model, which can
be effective for water penetration into PEGMA/HDFD-NTF, is
based on the assumption that when water wets PEGMA-NTF,
the air in NTF is not expelled but compressed.29,30 At the liquid−
air interface, a force balance exists between the force exerted
by the compressed air and the sum of the capillary force and
gravitational force.30 The capillary force FC can be expressed as

γπ θ=F d cosC (1)

where γ, d, and θ are the surface tension of the water, pore
diameter, and Young’s contact angle, respectively.31 The
gravitational force is relatively small compared to the capillary
force, so the capillary force is balanced by the air resistance. The
amount of absorbed vapor is dependent on the temperature
and RH in the atmosphere. The lotus effect protects the super-
hydrophobic surface of NTF from wetting as well as the
hydrophobic side walls of NTF, so the water is retained inside the
forest. The asymmetrically functionalized ends of NTF remain
aligned because CNTs are covalently bonded via polymer chains. As
a result of all of the above, the asymmetrically functionalized NTF
behaves as a container; NTF holds water because of the innate
hydrophobicity of CNTs and the superhydrophobic nonwetting
bottom surface of the functionalized NTF (Figure S7 in the SI).
During the WE measurements, seen in Figure 5b, it was found

that the WE rate in the end-functionalized NTF was less than
that in an open vessel. At room temperature, after 6 h, the
end-functionalized NTF lost ∼8% of its weight compared to the
60% water weight lost by the vessel in 6 h. At 40 °C, the end-
functionalized NTF lost 40% of its weight in 6 h. The reasons
for this lower WE rate are the polymer from functionalization
prevents water from evaporating (Figure S4 in the SI) and NTF
holds the water molecules captive, preventing evaporation.

■ CONCLUSION
To conclude, NTF was asymmetrically functionalized as
hydrophilic and superhydrophobic via plasma treatment after
coating with HDFD and PEGMAmonomers on either side. The
hydrophobic surface became more hydrophobic and the hydro-
philic surface became more hydrophilic because of increased
surface roughness. The asymmetrically functionalized NTF
efficiently harvests and stores water from air humidity because
of its superhydrophobic bottom surface, superhydrophilic top
surface, and innate hydrophobicity of the center. In the future,
it is possible to apply this unique system to arid lands if NTF
productions become cheaper and scalable because this system,
unlike other water collection devices, does not require an external
energy source for collecting water from humid ambient air.
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